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ABSTRACT 

Ferromagnetic  properties  and  nanocrystallization  process  of  soft  ferromagnetic 
(Feo.ijijMoo.oOtsSiijBij  ribbons  are  studied  by  transmission  electron  microscope  (TEM),  X-ray 
diffraction  (XRD),  Mdssbauer  spectroscopy  (MS),  differential  scanning  calorimeters  (DSC) 
and  magnetization  measurements.  The  Curie  and  crystallization  temperature  are  determined  to 
be  Tc= 665K  and  7)  = 750K,  respectively.  The  Tx  value  is  in  well  agreement  with  DSC 
measurement  results.  X-ray  diffraction  patterns  had  shown  a good  reconfirm  of  two 
metastable  phases  (Fei.iBj,  Fe_iB)  were  formed  under  in-situ  nanocrystallization  process.  Of 
which  these  metastable  phases  embedded  in  the  amorphous  matrix  have  a significant  effect  on 
magnetic  ordering.  The  ultimate  nanocrystalline  phases  of  ct-Fe  (Mo,  Si)  and  Fe2B  at  optimum 
annealing  temperature  had  been  observed  respectively.  It  is  notable  that  the  magnetization  of 
the  amorphous  phase  decreases  more  rapidly  with  increasing  temperature  than  those  of 
nanocrystalline  ferromagnetism,  suggesting  the  presence  of  the  distribution  of  exchange 
interaction  in  the  amorphous  phase  or  high  metalloid  contents. 

INTRODUCTION 

The  very  good  promising  bulk  soft  magnetic  nanocrystalline  (NC)  materials,  FeSiB 
based  Finemet— are  two  phase  alloys  consisting  of  very  fine  BCC  solid  solution  grains 
(typically  with  a diameter  of  about  10-15nm)  embedded  in  a remaining  amorphous  matrix  [1- 
5],  Yoshizawa  [4]  and  co-workers  revealed  that  the  presence  of  small  additions  of  Cu  and  Nb 
to  some  FeSiB-based  alloys  could  allow  the  creation  of  two-phase  materials  by  the 
devitrification,  which  showed  superior  soft  magnetic  properties.  This  effect  was  caused  by  the 
homogeneous  precipitation  of  bcc  a-Fe(AT)  nanocrystals  embedded  in  the  ferromagnetic 
amorphous  matrix.  Moreover,  the  addition  of  Cu,  Nb  had  great  influence  on  the  formation  of 
nanocrystalline  materials  by  changing  the  crystallization  behavior  [3].  It  can  be  expected  that, 
study  of  crystallization  of  Fe-based  metallic  glasses  containing  transitional  element  additives 
will  also  benefit  the  development  of  new  types  of  materials. 

In  the  present  work,  by  using  transmission  electron  microscopy  (TEM),  differential 
scanning  calorimeters  (DSC),  and  X-ray  diffraction  (XRD),  a study  on  nanocrystallization 
behavior  had  been  carried  out  for  (Feo^Moo.oihsS^Bn  amorphous  ribbons  with  a little 
amount  of  Mo  element.  Furthermore,  intrinsic  ferromagnetic  properties  were  also  studied 
using  Mossbauer  spectroscopy  (MS)  and  vibrating  sample  magnetometer  (VSM)  techniques. 
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EXPERIMENT 


Amorphous  (Feo.9<>Moii.oi)7tiSi>>Bi3  (at%)  alloy  ribbons  of  30mm  width  and  about  25  pm 
thickness,  were  prepared  by  the  melt-spinning  techniques  [6].  The  transmission  electron 
micrographs  (TEM)  were  obtained  with  a JEOL-JEMIOO  EX  electron  microscopes,  equipped 
with  an  in  situ  heating  holder  inside  the  electron  microscope.  The  Mossbauer  spectra  were 
recorded  using  a conventional  spectrometer  of  the  electromechanical  type  with  a 57Co/Rh 
source.  Differential  scanning  calorimetric  measurements  of  the  as-quenched  ribbons  were 
performed  on  a differential  scanning  calorimeter  ( DuPont  2000  Thermal  Analysis  DSC-2  ) 
using  different  heating  rates  under  Ar  gas  atmosphere.  X-ray  diffraction  (XRD)  were  carried 
out  on  a Simiens  x-ray  diffactometer  (Cu,  Ka  radiation,  A=0. 1 54 1 8nm),  Rietveld  refinement 
was  used  to  identify  different  phases.  Magnetization  measurements  were  carried  out  using  a 
vibrating  sample  magnetometer  (VSM)  operating  with  applied  magnetic  fields  up  to  36000e 
from  1 6K  to  room  temperature. 


RESULTS  and  DISCUSSION 

It  should  be  noted  that,  two  critical  temperature  points,  crystallization  temperature  Tx 
and  the  Curie  temperature  Tc,  usually  determine  the  microstructure  and  their  magnetic 
properties  for  Fe-based  soft  amorphous  alloys.  Consequently,  it  become  very  important  to 
know  this  two  critical  temperature  before  our  studying  on  (Feo.ijyMo,)  ())  )7sSi^B  i a amorphous 
ribbons. 

Fig.  1(a)  shows  the  differential  scanning  calorimeters  (DSC)  thermal  analysis  for  as- 
quenched  ribbons  samples  at  a heating  rate  of  lOK/min.  Two  exothermic  peaks  are  observed 
at  around  768K  and  803K,  indicating  this  is  typical  primary  crystallization  process,  in  other 
words,  two  crystallization  processes  (nucleation  and  growth)  took  place,  the  around  maximum 
of  the  first  peak  750K  reaches  the  crystallization  temperature  Tx  for  this  (Feo.wMoo.oihsSiyBij 
amorphous  alloy. 
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Figure  1 (a)  DSC  pattern  at  heating  rate  of  lOK/min.  Figure  1 (b).  The  Curie  temperature 
determination  using  Mossbauer  spectrometer 

In  order  to  determine  the  Curie  temperature  Tc,  the  velocity  transducer  of  the  Mossbauer 
spectrometer  was  set  at  zero  velocity  and  counts  were  recorded  for  a fixed  counting  time,  15s, 
while  the  temperature  was  raised  at  a rate  of  1 K/min  from  400K  to  780K.  The  results  are 
shown  in  Fig.  1 (b).  The  Curie  temperature  is  determined  to  be  665K.  As  the  temperature  is 
further  increased,  the  counts  rate  increase  slowly  due  to  the  second-order  Doppler  effect  [8], 
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and  increase  until  750K,  then  keep  unchanged.  In  other  words,  the  amorphous 
(Fe,i.99Mo0.in)7RSigBij  alloy  has  reached  the  crystallization  temperature  Tx  =750K,  the 
amorphous  state  gradually  transformed  into  the  nanocrystalline  phases.  Both  Tx  and  Tc  values 
are  in  good  agreement  to  previous  measurements  [6,7]. 


Figure  2 XRD  patterns  for  as-quench  (Feo/wMoo.oOrsS^Bu  ribbon  and  two  samples  after 
723K  and  973K  annealed  treatments,  respectively. 


Velocity  (mm/s) 


Figure  3 Mossbauer  spectra  (a)  and  hyperfine  field  distributions  (b)  for 
(Feo/wMoo.oibsShjBi-i  ribbon  and  two  samples  after  723K  and  973K  annealed  treatments, 

respectively. 

Fig.  2 shows  the  XRD  patterns  for  amorphous  ribbon  and  two  samples  after  723K  and 
973K  annealed  treatments.  It  is  clear  to  note  that  the  as-quenched  sample  is  in  the  amorphous 
state.  On  the  heating  the  as  quenched  sample  at  723K  Oc<T<  Tx),  very  similar  XRD  pattern 
to  amorphous  state  appears.  Flowever,  very  few  metastable  Fe^Br,  (bcc),  and  Fe3B  (bet) 
borides  phases  are  found  using  Rietveld  XRD  refinement  analysis  r6,7].  And  from  the 
following  MQssbauer  spectra  (Fig.3(b)),  hyperfine  field  value  is  also  seen  to  increase 
compared  with  amorphous  sample.  This  phenomenon  is  mainly  due  to  the  internal  strain 
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relaxation  and  short-range  order  that  is  induced  by  thermal  treatment.  On  the  another  hand, 
after  annealed  the  sample  at  temperature  973K  than  Tx  (T>  Tx),  nanocrystalline  phases  (a- 
Fe(Mo,  Si),  FeiB,  Fe^, B ) are  observed  in  the  XRD  pattern.  Two  main  nanophases,  a-Fe(Mo, 
Si)  (bcc)  and  Fe2B  (bet),  can  be  clearly  identified. 

The  Mossbauer  spectra  and  hyperfine  field  distribution  of  amorphous  ribbon  and  the 
samples  after  732K  and  973K  annealed  treatment  were  shown  in  Fig.3  (a)  and  Fig.3  (b), 
respectively.  And  the  fitted  Mossbauer  parameters  of  amorphous  ribbon  and  the  annealed 
samples  were  shown  in  table  1.  The  Mossbauer  spectrum  of  amorphous  (Feo.wMoo.mbsS^Bo 
exhibits  a magnetic  pattern  with  a hyperfine  magnetic  field  of  250  KOe  and  the  broad  lines  are 
to  be  expected  in  view  of  the  disordered  atomic  arrangements,  in  which  the  strength  of  the 
hyperfine  interactions  change  from  site  to  site  due  to  the  structurally  inequivalent  Fe 
environment.  However,  after  annealed  the  amorphous  sample  at  Tc<T<  Tx,  very  few 
metastable  Fe22B(,  (bcc),  and  Fe.iB  (bet)  borides  phases  appeared,  and  the  hyperfine  field  value 
(Fig.3  (b))  was  also  found  to  increase.  It  is  expected  that  the  observed  increase  in  the 
hyperfine  fields  could  be  originated  from  the  occurrence  of  the  short-range  order  through 
redistribution  of  atoms  and  changes  of  its  relative  position  in  metastable  Fe2B(bct)  and 
Fe22B(,(bcc)  phases  during  structural  relaxation.  Nevertheless,  after  annealed  the  amorphous 
sample  at  T > Tx,  the  Mossbauer  spectrum  consisted  of  two  main  magnetic  patterns  due  to 
two  nanophases,  which  confirmed  by  former  XRD  patterns  of  Fig.2.  From  Table  1,  according 
to  the  literature  reports  T8,  91,  the  magnetic  hyperfine  field  pattern  of  308KOe  and  246KOe 
belongs  to  bcc  a-Fe(Mo,  Si)  solid  solutions  and  bet  Fe2B  boride,  respectively. 

In  particular,  the  magnetization  of  the  amorphous  (FeoiiiiMoo.oibxSujBn  have  been 
measured  at  Hap|,  = 3.6  KOe  at  various  temperatures  from  16K  to  RT.  The  results  are  shown  in 
Fig.  4.  It  is  clear  that  the  magnetization  M(T)  / M(0)  of  the  amorphous  phase  decreases  more 
rapidly  with  reduced  temperature  T/Te  than  those  of  ct-Fe(Mo,Si)  and  Fe2B  nanocrystallines, 
which  indicating  the  presence  of  the  distribution  of  exchange  interaction  in  the  amorphous 
phase  or  high  metalloid  contents.  And  the  saturation  magnetization  of  the  as-quenched 
amorphous  materials  extrapolated  to  OK  is  found  to  be  2.01  ps/Fe  atom.  This  value  is  smaller 
than  the  2.22  piS  of  bcc  Fe  [ 101,  suggesting  that  electron  transfer  from  the  metalloid  atoms  to 
the  d band  of  the  Fe  atoms  occur. 


Table  I.  The  fitted  Mossbauer  parameters  for  (Feo.wMoo.oiHxSwBu  amorphous  alloy  and 
after  different  annealed  treatment  (H|,r  is  the  magnetic  hyper  fine  field,  AEq  is  the  quadrupole 
splitting,  8 is  the  isomer  shift  and  refers  to  a-Fe) 


Annealed  temperature 
(K) 

H„r(KOe) 

8 (mm/s) 

AEq  (mm/s) 

300 

250.9+0.06 

0.107+0.02 

0.00+0.01 

723 

257.2+0.06 

0.077+0.02 

0.00+0.01 

923 

308.9+0.06 

0,111+0.01 

0.00+0.01 

923 

246.3+0.06 

0.05+0.02 

0.12+0.02 
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Figure  4.  Reduced  magnetization  vs  reduced  temperature  of  the  amorphous 
(FeUi9!jMoo.oi)78Si<iBi.i  ribbon  and  the  a-Fe(Mo.Si)  and  Fe^B  nanocrystallines. 


— (220)a-F«(Arto.  Si) 


— (002)FezB 
(ilO)a-F*(Mo,  Si) 

— {202)FejB 


Figure  5 (a,  b,  c,  d)  Typical  TEM  morphologies  and  selected  area  electron  diffraction  for  Fe- 
Mo-Si-B  amorphous  and  nanocrystalline  phases 
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Typical  TEM  images  of  the  Fe-Mo-Si-B  amorphous  state  and  nanocrystalline  alloy  at 
annealing  temperature,  Ta  = 973K  (T  > T,),  is  shown  in  Fig.6  (a,  b,  c,  d).  From  Fig.6  (c), 
small  almost  spherical  nanometer  grains  precipitated  homogeneously  are  observed.  The 
selected  area  electron  diffraction  (Fig.6  (d))  patterns  confirms  that  the  randomly  distributed 
nanocrystalline  phases  are  crystalline  a-Fe(Mo,  Si)  ( bcc)  and  Fe2B  (bet)  with  a random 
orientation.  Which  is  in  good  agreement  with  above  XRD  and  Mossbauer  analysis  results. 


CONCLUSIONS 

Nanocrystallinc  Fe-Mo-Si-B  alloys  with  different  nanometer  grain  sizes  have  been 
successfully  prepared  by  means  of  the  in  situ  amorphous  crystallization  method.  Two  main 
nanophases  are  formed  after  full  crystallization  of  the  amorphous  (Feo.^Moo.o i bsSiijB 1 3 alloy. 
The  XRD  pattern,  MQssbauer  spectra  and  in  situ  TEM  observations  suggest  that  the  observed 
nanophases  are  the  a-Fe(Mo,  Si)  (bcc)  solid  solution  and  the  Fe2B  (bet). 

The  Curie  temperature  (Tc)  and  crystallization  temperature  (Tx)  have  been  determined  to 
be  665K  and  750K  using  DSC  themral  analysis  and  Mossbauer  spectroscopy  measurements. 
The  reduced  magnetization  M(T)/  M(0)  of  the  amorphous  phase  decreases  more  rapidly  with 
reduced  temperature  T/T<-  than  ct-Fe(Mo,  Si)  and  Fe2B  nanocrystalline  ferromagnetism,  this 
kind  of  rapid  decrease  can  be  described  in  terms  of  either  a distribution  of  exchange 
interaction  in  the  amorphous  phase  or  high  metalloid  contents. 
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